AD/A-007 243

T63 ENGINE VIBRATORY CHARACTERISTICS
ANALYSIS

W. H. Parker

General Motors Corporation

Prepared for:

Army Air Mobility Research and Development
Laboratory

January 1975

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE




EUSTIS DIRECTORATE POSITION STATEMENT

This program was one of three contractual efforts undertaken in an initial
attempt to define a better engine-airframe-propulsion installation inter-
face, The long-range goal is to provide adequate design and test methods
to insure compatibility of the engine and airframe,

Analytical and experimental work was conducted relative to a comparison
of engine/airframe vibratory interface design techniques, One analytical
method produced satisfactory correlation with test data.

The technical monitor for this contract was Mr, James Gomez, Jr,, Tech-
nology Applications Division,

DISCLAIMERS

The : in this report sre not to be construed
ﬂ::‘;:mMrunMMNd 3 8 on officiel Depertment of the Army position uniess 90

ment , specifications, or other dats sre used for any purpose other then in connection
odﬂmhdyf:::Pganunmtpmuwmnnncmwnkm.ﬂn United Stiates Government thersby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government mey have formulated, furnished,
or in any wey supplied the ssid drawings, specifications, or other deta is not to be regarded by implication or
eny menner licensing the holder or any other person or corporation, or conveying any rights ¢r
permission, 10 menufacture, use, or sefl any petented invention that mey in any wey be related thereto.

Trate nemes cited in this report do not constitute en officisl
s ] endorsement or approvel of the use of such

|

DISPOSITION INSTRUCTIONS
Destroy this report when no longer nesded. Do not return it to the originator.




Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)
REPORT DOCUMENTATION PAGE BERCES CHaL R FOM Doty

PORT NUMBER 2. GOVY ACCESSION NOJ 3.

USAAMRDL-TR-74-87

4. TITLE (and Subtitle)

OF REPORT & PERIOD COVERED

T63 ENGINE VIBRATORY CHARACTERISTICS Final
ANALYSIS December 1973 - March 1974
6. PERFORMING ORG. REPORT NUMBER
EDR 8177
7. AUTHOR(a) 8. CONTRACT OR GRANT NUMBENS) |
W. H. Parker DAAJ02-73-C-0019
9. PERFORMING ORGANIZATION Nhljll AND ADDRESS 10. :mﬂ.&golnlklagl T.NPUI“O.J'!S.T. TASK
Detroit Diese! Allison, General Motors Corp.
4700 West 10th Street Task 1G162204AA7201
Indianapolis, Indiana 46206
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Eustis Directorate January 1976
U.S. Army Air Mobility R&D Laboratory 13. NUMBER OF PAGES
Fort Eustis, Virginia 23604 213
[TE. "MONITORING AGENCY NAME & ADDRESS(I7 different from Contreliing Office) | 18. SECURITY CLASS. (ef thie repert)
Unclassified
LLTY “BE"Etguiﬁuilcn-on?ﬁwuonﬁno ‘

T6. DISTRIBUTION STATEMENT (of this Repert)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the sbetract entered in Block 20, il difterent frem Repert)

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

US Department of Commerce
Springhieid, VA. 22151

18. SUPPLEMENTARY NOTES

ry and identify by block number) | EE

19. KEY WORDS (Conti on reverse cide if
Mobility Method Vibration
Helicopter Dynamics Vibration Specification
Engine Installed Dynamics Helicopter Interface Compatibility
Modal Synthesis Airframe Dynamics
20. ABSTRACT (Centi ane o0 sidw ¥ and idontity by bdeck number)

“~ A study of the T83-A-6 engine vibratory environment installed in the OH-58 and OH-6 light
observation helicopters is presented in this report. The purpose of the study is to develop a
common language for use in engine/airframe (translational) vibration specifications and analyses
related to future helicopter programs.

Mobility and modal synthesis techniques for coupled dynamic system analyses are developed.
These techniques are then applied to the aforementioned helicopter systems for mluati:?:(d,p\
DD ,en7 W73  eormon or 1 noves 1s omsoLeTE, Unclassified b
le SECURTY CLASHPICATION OF THIS PAGE (When Date Entered)




nclassified
SECURITY CLASSIFICATION OF THIS PAGE(Shen Date Bniered)

Block 20. Abstract - continued.

The mobility approach (using test-generated subsystem mobilities) shows poor correlation
with test data. However, the modal synthesis approach (using analytically generated
subsystem modal descriptions) shows reasonable correlation.

Recommendations are formulated for the use of the modal synthesis method of analysis

as a specification methodology. Form and content of data required of the engine and
airframe manufacturers sre defined.

10/
Unclassified
SECURITY CLASHIPICATION OF THIS PASE(Wen Dete Bntered)



PREFACE

Reported herein are the results of a research study program directed at
obtaining a common language for engine/airframe vibration specification.
This work was carried out under authorization of Contract DAAJ02-73-C-
0019, Task 1G162204AA7201, issued by the Eustis Directorate, U. S.
Army Air Mobility Research and Development Laboratory. This program
is an initial step toward specifying requirements for both the airframe

and engine manufacturers which would help to ensure dynamic system com-
patibility.

Presented are the research theory and its application including the free-
free shake test results for the T63-A-5 engine., A general list of symbols
used in the methodology developments is provided, but specific definitions
of symbols are given at the point in the text where they are used.
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INTRODUCTION

The coupled interaction between two or more dynamic subsystems has
often been the source of vibration problems, This is particularly true
when considering the helicopter as a dynamic system in which excitations
can be generated by either the engine or the airframe. The problems of
vibration-related interface compatibility in helicopter engine installations
are usually complicated by the inherent coupling of the three major multi-
degree-of-frecdom systems: engine, rotor/drive train, and airframe. One
typical inter-active factor which exists involves the selection of engine
and drive train mounting to be used. A rigid mounting is desirable to
minimize shafting alignmenti problems,and a soft mounting is desirable to
uncouple the vibration of the engine and drive train from themselves and
the airframe, The best design is obtained when each of these considera-
tions is mutually satisfied, Achieving an optimum helicopter configuration
requires trade-off studies of all the coupled effects of the various dynamic
subsystems in the initial design phase.

The general military specification related to turboshaft engine/aircraft
systems is Specification AV-E-8593B.! In this specification no specific
requirements have been placed on either the engine or airframe to en-
sure dynamic compatibility, It has been required that certain data be
made available, Paragraph 3.15.2 of this specification states ''The
estimated stiffness of the engine in resisting loads and moments applied
at the outboard end of the output shaft, relative to the engine mounting
points, shall be stated in the Prime Item Development Specification
(PIDS). The first "free-free' lateral and vertical engine bending modes
shall be specified. " This paragraph is obviously intended only to de-
fine the engine stiffness in a static sense, Sufficient data are not
specified to correctly perform even a simple dynamic compatibility
analysis since no mass effects are present. An Aeronautical Design
Standard, entitled Propulsion (Engine/Airframe) Interface surveys,?
has been written by the U.S. Army Aviation Systems Command to serve
as an Army specification covering airframe/engine interface surveys.
This specification outlines the steps to be followed in developing an ac-
ceptable test procedure for submittal to the procuring activities for ap-
proval, The procedure is as follows,

a. The engine manufacturer will determine the effective engine
masses, inertias, and stiffnesses and their required distribution,
and will conduct an analysis to obtain the engine's natural fre-
quencies and bending modes,

1 ENGINES, AIRCRAFT, TURBOSHAFT, GUNERAL SPFCIFICATION
FOR AV-1-8593R0, 13 October 1072,

’ ADS-1, ARHONAUTICAL DESIGN STANDARD, PROPULSION (FN-
GINE/AIRFRAMEY INTLRFACE SURVEYS, 1| December 1970,
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The engine manufacturer will conduct a free-free vibratory test
of the engine to obtain the frequency response characteristics,
natural frequencies, and mode shapes., These results will be
compared with the analysis in Item a., and a determination will
be made of the modifications of parameters requirec to achieve
reasonable agreement between calculated and measured values,

The airfgame manufacturer shall conduct a frequency analysis of
the engine installation, taking into account the significant fuselage
contributions, to determine the fundamental rigid and flexible-
body natural frequencies in the plane(s) of predominant helicopter
rotor excitations,

The airframe manufacturer shall tabulate and identify the in-
herent airframe excitation sources and their variations with
helicopter rotor speed.

The engine manufacturer will review the results from Item ¢ and
d, and will identify potential problem areas.

The airframe manufacturer shall draft a test plan,
The engine manufacturer will review the test plan and either ap-
prove the plan or recommend modifications to the procuring

activity.

The procuring activity will approve the test plan or request a
modification,

The airframe manufacturer shall conduct the testing defined in
the test plan,

This specification is a definite effort to require both the airframe and en-
gine manufacturers to work toward a compatible interface. However, the
method to be used in the analysis of the coupled system is not specified.
Further, no requirement is made as to the form of the information which
must be supplied by each party.

Requirements of this nature are needed to assure consistency in the ana-
lytical methodology used for future airframes, and to permit an easy in-
terchange of technical data between airframe/engine designers,
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The program presented here involves the study of the T63-A-5 engine in-
stalled in two lightweight helicopter designs, the OH-6 and OH-58 light
observation helicopters. The primary objective of this program is to es-
tablish a common language for engine/airframe translational vibration
specification and analysis to be used in future helicopter programs, The
approach used to fulfill this basic objective has been to:

@ Establish the T63 engine environment for the OH-6 and OH-58 instal-
lations

® Determine engine and airframe relative participation in the overall
vibratory response

® Develop, investigate, and evaluate analytical procedures for examin-
ing coupled engine/airframe dynamics '

@ Identify those engine and/or airframe parameters affecting the cou-
pled system dynamics

® Formulate recommendations for future helicopter programs

This report discusses the review of available flight data, the acquisi-
tion of supplemental data, the development of methods of analysis, and
the verification of these analysis methods for the OH-58 and OH-6
helicopters, followed by a presentation of the conclusions and recom-
mendations for future programs.

During the performance of this contract, a total of 320 free-free drive
point and transfer mobilities of the T63-A -5 engine were generated,
The entirety of these data are not included in this report but are re-
corded on microfiche and may be obtained from the Eustis Directorate,
U.S. Army Air Mobility Research and Development Laboratory, Fort
Eustis, Virginia,
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REVIEW OF FLIGHT DATA

A thorough search to collect data related to the vibratory characteristics
of the T63-A-5 engine installed in the OH-6 and OH-58 helicopter systems
has been conducted under this contract and coordinated with Bell Heli-
copter and Hughes Helicopters, These data were identified and cataloged
according to their content and usefulness to this program., Where suffi-
cient data were available, a thorough analysis has been conducted, A re-
view of the data and data analysis are presented for the OH-58 and OH-6
helicopters, .

OH-58 FLIGHT DATA

A search of the vibrations files has yielded one applicable report® which
covers the in-flight dynamics of the T63-A-5 engine in the OH-58 heli-
copter, This report has been categorized according to:

Aircraft mission
Instrumentation

Form of vibration data
Mode shapes

. General appraisal

W WO BN =

These data are included in this report as Appendix A, In general, the
TS3-A-5 engine vibrational data for the OH-58 helicopter installation is
sufficient to define the flight environment for significant portions of the
mission profile.

Analysis of the data contained in Reference 1 was performed to accumulate
information relative to the definition of the engine environment during
flight operation. This information was collected to be used in the analysis
method development portion of the program,

The vibration intensity across the mission profile was determined for one
representative transducer location., The turbine middle splitline (ver-
tical) transducer was selected as a representative engine vibration.
Figure 1 shows the total flight spectrum vibrational distribution for

this transducer at the aircraft gross weight of 3000 1b and a forward
center of gravity configuration,

' ENGINE INSTALLATION VIBRATION SURVEY OF THE MODEL 206A-]
HELICOPTER, Bell Repurt 206-090-174, 19649,
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The high vibration velocities (over 1.0 in. /sec) occur less than 0,5 per-
cent of the flight spectrum. The larger portion of the flight spectrum ex-
hibits the lower vibration velocities, This kind of information may be
useful in helping to establish a criterion of acceptance for a particular
engine/airframe combination.

2 3000 Ib gross wt
B forward CG

LY
\ ¥

13+
12 |
11}
10 -

Total flight spectrum—%

l .

N e S

o0 02 04 06 08 1.0 2.2 1.4 1.6 1.8 2.0
Average overall vibrational velocity—in./sec

Figure 1. Total Flight Spectrum Vibrational Amplitude Distribution for
the Turbine Middle Splitline Vertical Transducer.
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The major portion of the OH-58 mission is spent during straight and level
flight (60 percent between 0.8 and 1.0 Vy). In addition, the gross weight
producing the highest overall vibration levels was found to be 3000 lb with
a center of gravity location forward. This configuration was further
studied tor straight and level flight,

Figure 2 shows a time history plot of the turbine middle splitline vertical
and lateral vibration velocity for various straight and level flight veloci-
ties. In general it can be seen that the vibration velocity increases with
airspeed. A discrete frequency analysis of the V|, and Vo airspeeds for
the turbine middle splitline vertical transducer is shown in Figures 3 and
4, respectively, These plots show the predominant excitation sources for
these conditions to be:

® Main rotor 2/Rev
® Main rotor 4/Rev
® Main rotor 6/Rev
® Tail rotor 1/Rev
@ Output shaft 1/Rev
® Tail rotor 4/Rev

5
4 Turbine midsplit vertical
3 1.1V,,, (Demonstration only)
- 2+ -
e
2 f ol ] [ Bl W ] ] | 1 ]
87
%'é : Turbine midspiit lateral
& .L
y 1.11V__{(Demonstration only
2l = N&
N
1 ™
Py 1 | ™ ] | ] 1 ]

0 2 o 60 80 100 120 1490 160 180 200
Indicated airspeed—knots level flight
CG 106.0 Model OHS58A '
GW 3000 Ib Ship 40001

Figure 2, Vibration Time History—OH-58.
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Turbine midsplit lateral vibration—in. /sec

10.0

Turbine midsplit lateral vibration
in./sec (10°])

oo
o
1

o
o
T

-Main rotor 4/REV

-~ Main rotor 6/REV

_-Tail rotor 1/REV
~Engine output shaft 1/REV

Turbine midsplit lateral vibration—in. /sec
~ ~
[ =] (=]
T |

0.0 1 yos 1 2L
M 2 5 10 20 S0 100 200 S00 1000 2000
Frequency—Hz
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RPM 355 rotor CG106.0 in
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Figure 3. Discrete Frequency Spectra for Vi —OH-58.

10.0
Turbine midsplit lateral vibration—in. /sec (16°1)
8.0
6.0
4.0
2.0
1 2 5 10 2 S0 100 200 500 1000 2000
Frequency—H2
1AS  120.5knots
RPM 355 rotor CG 1060 in
ALT 20 GW 3000 Ib

Figure 4, Discrete Frequency Spectra for Vyyg—OH-58.
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® Engine Njj 1/Rev
® Engine Ny 1/Rev

They also show that the main rotor is the prime contributor to the vibra-
tory excitation by a large margin,

Tables 1 and 2 are listings of the peak
velocity responses of transducers located on the engine at various excita-

tion frequencies and forward flight velocities of Vy, (110 knots) and V.,
(130 knots), respectively.

TABLE 1,

DISCRETE FREQUENCY VIBRATIONAL VELOCITY
RESPONSE FOR VARIOUS ENGINE TRANSDUCER LOCATIONS
AT A FLIGHT VELOCITY OF Vi (110 KNOTS)=(OH-58)

Excitation Main Rotor Tail Rotor ().u‘l'put Shaft Nn I
Frequencies—Nortz | 5,4 11.8 23. 6 35.4 47,2 43.8 87.6 103.0 206.0 590 BOO
Turbine Y - 0.68 0.25 0,22 0.03 . 07 0,03 0,07 0,02 0,01 | 0.02
Midsplit Z 0,03 0,20 0,08 0,30 0.03 0.10 0,02 0,02 -- 0,05 | 0,07
Forward Y 0,02 0.58 0. 11 |14 0,02 0.03 0.04 0.08 0,05 0.05 | 0,11
Compressor  Z 0,02 0,23 0.10 0, 36 0.14 0.04 0.02 0. 05 0,04 — 0,02

Y 0,02 0. 84 0. 35 0,55 0.07 0.14 0.04 0.19 0. 06 0,25
lgmter Z 0,02 ] 0,15 0.15 | 0,66 0,10 | o0.20 | 0,04 0.06 0.08 0.12
Top Y 0,02 0,26 0,10 0,30 0, 07 0,08 0,04 0. 08 0. 04 0,12 ] 0.34
Gearbox Z - 0,23 0. 05 0,04 0,05 0, 04 0,02 0, 04 0,02 0,01 ] 0,04

TABLE 2, DISCRETE FREQUENCY VIBRATIONAL VELOCITY
RESPONSE FOR VARIOUS ENGINE TRANSDUCER LOCATIONS
AT A FLIGHT VELOCITY OF Vne (130 KNOTS)=(OH-58)

Excitation Main Rotor Tail Rotor Output Shaft Ni Ny
Frequencies—Hertz [ 5.9 | 11,8 | 23.6 | 35.4 | 47.2 | 43.8 | 87.6 | 1030 206,0 | 590 | 800
Turbine Y 002 0,9 | 0.21 | 0,07 { 0.010 | 0,05 | 0,02 0,02 0,01 | 001005
Midspht 2 v.oz| o052 | o.16 | 0,27 | 0.05 | o.10 | 0,02 0. 09 0.01 | 0,04 | 0.08
Forward Y 0,02 0.78 | 0,20 | 0,10 | 0,03 | o.,10 | 0,03 0,03 0, 06 L03 ] 0,11
Compressor 7. 0.,03| 037 | 0,18 ] 0.37 | 0.12] 0,03 | 0,0 0.06 0.05 | 0.03| 0,03
leni Y 0.,08] 1.16 | 0.3¢ | 0,27 | 0,04 | 0,10 | c.04 0,02 0,04 | 0,04 | 0.36

gniter Z 0.03{ 0,49 | 0,32 | 0.65 | 0,13 .22 | o.06 0,28 0,04 | 0,02] 0,16
Top Y 0.02| o,28 | o.18 | 0,17 | 0,09 | 0,09 | 0,02 0.06 0.04 06| 0.28
Gearbox A 0,06 0,33 | o,08{ o004 { 0,05 0,03 | 0,02 0.03 0,00 | 0.01| 0.02
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The final aspect of this analysis would have been to determine the mode
shape of the response peaks. However, sufficient airframe and engine
data were not present to accomplish this,

OH-6 FLIGHT DATA

A searc!: of the vibration files has yielded one applicable report which
provides T6§3-A-5 engine vibratory information during flight operation,
This report™ has been categorized according to:

Aircraft mission profile
Instrumentation

Form of vibration data
Mode shapes

. General appraisal

U‘l»b.wtoo—

These data are included in this report as Appendix B, In general there is
only minimal data related to the OH-6/T63 vibratory environment during
flight operation, However, there is sufficient discrete frequency informa-
tion at one flight condition. This data, at a flight condition of 126 knots,
straight and level, and an altitude of 5000 feet, points out the predominant
excitation sources as:

® Main rotor 1/Rev
® Main rotor 4/Rev
® Tail rotor 1/Rev
® Tail rotor 2/Rev
@ Output shaft 1/Rev
® Engine N2 1/Rev

® Engine Nj 1/Rev

Table 3 is a listing of the peak velocity responses of transducers located
on the engine at various excitation frequencies,

FUTURE PROGRAMS—REQUIRED DATA

Recommendations for types of data that should be obtained through air-
craft/engine tests follow, These data are needed to fulfill the desired
objectives of future study programs of the type presented in this report,
The recommendations will be covered by describing the entire data pack-
age required to determine airframe/engine compatibility.

8 INSTALLATION SURVEY OF YT63-A-5 ENGINF INSTALLED IN
HUGHES OH-6A AIRCRAFT, DDA Report 64B1Y, April 1964,
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TABLE 3. DISCRETE FREQUENCY VIBRATIONAL VELOCITY
RESPONSE FOR VARIOUS ENGINE TRANSDUCER
LOCATIONS AT A FLIGHT VELOCITY OF 126
KNOTS—(OH-6)
Main rotor Tail rotor N1 Np
8.0 32.0 50.0 100, O 590 800
Turbine Y (0.4 --- --- 0.6 ——- ---
Midsplit
Z |0.4 0.5 --- 0.4 --- 0.35
Forward Y |0.25 0.7 -—-- 0.6 --- 0.35
Compresscr
Z |0,5 1.2 --- 0.9 .- 0.2
Y | --- = - - _——— —
Igniter
Z |--- - - .- ——— -——-
Top X 10.25 0. 65 --- --- .- 0.5
Gearbox
G/ S - S = S
*This is the output shaft speed also.

—e—— T e ]

To fully evaluate the dynamics of the coupled airframe/engine system the
data must necessarily be gathered during often-encountered flight condi-
tions (i,e., 80 to 100 percent Vi) as well as the high transient vibration
conditions (i.e., full autorotational landing). These data are needed to
determine the vibratory environment of the installation, and to provide a
basis for evaluating the various methods of compatibility analysis which
are available,

The environmental dati is used to:

1. Determine the amount of vibration the engine experiences at
various critical transducer locations,

2. Determine the sources of vibratory excitation for various vibra-
tion peaks,

%. Determine the mode of vibration for various vibration peaks.
To satisfy these uses it is necessary that sufficient time history record-

ings of data from the selected engine and airframe vibration transducer
24



locations be collected. These data must then be analyzed to determine
the amplitude -frequency spectra, This discrete information can then be
used to locate the predominant excitation sources, The time history data
can further be phased to determine the vibratory response mode shapes,
and thereby define the relative participation of the airframe and engine to
the response,

Some additional data are required to verify any compatibility analysis.
To predict the aircraft environment it is necessary to characterize ex-
citation forces (amplitude and phase). These data can in part bc obtained
by instrumenting the mast with strain gages and providing load cells at
the interface points,

These data, some of which are available in this program, are required to
adequately study the dynamic compatibility between engine and airframe.
Table 4 summarizes the data needed for a thorough compatibility analy-
sis and evaluation, The available data on the OH-58 and OH-6 helicopters
are denoted by the letters "B" and '""H", respectively, A recommendation
for a future program of the type presented in this report is to provide the
information shown in this table,

TABLE 4, SUMMARY OF REQUIRED
COMPATIBILITY DATA

Straight and Level Full Autorotational-
Data Required Flight (0.8-1.0 Vy) Landing
Time history recording Bl Bl
of airframe and engine
transducers
Amplitude-frequency
spectra2 B H

High response mode
shapes?

Excitation Amplitude
Mast Forces
Tail Forces
Interface Forces

1pata on plots.

2These data can be derived from the time history recordings,
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SUPPLEMENTAL DATA ACQUISITION

To provide sufficient data to be used in this study, it was necessary to generate
additional information relative to the vibratory characteristics of the engine/
airframe combinations under consideration. For this program, the OH-6 and
OH-58 helicopters, both powered by the T63-A-5 engine, were considered.
Since the powerplant is the responsibility of the engine manufacturer, a labor-
atory shake test was designed and conducted at Detroit Diesel Allison to pro-
vide the necessary T€3-A-5 engine vibration data. A definition of the test and
description of the setup are followed by discussions of the test procedure and
some pertinent observations, The test results and subsequent mode shape
analysis complete the presentation,

The test objective was to experimentally determine the free-free drive point
and transfer mobilities at the interface points and the free-free transfer mobil-
ities at vibration measurement points by vibrating a T63-A-5 engine along three
mutually perpendicular axes at each of the interface points, The accumulated
data were to be displayed as analog plots of mobility amplitude and phase ver-
sus the excitation frequency with accompanying digital processing.

Since these data were to be used to study helicopter vibratory characteristics
during flight operation, it was desirable to generate the engine mobilities under
engine operating conditions (i.e., with the engine rotating). However, a labo-
ratory shake test for an operating engine was beyond the scope of this study
program, It was decided the test would be condr-ted with a nonrotating gas
generator and power turbine,

TEST DEFINITION

A comprehensive laboratory shake test program was defined and developed
through coordination with other users of the data— Bell Helicopter and Hughes
Helicopters. An effort was made to generate sufficient data to satisfy the re-
quir: ments of all candidate methods under consideration, The method which
controlled the test definition was the mobility method of analysis, Data re-
quirements for the other methods are a subset of those for the mobility method.
This approach requires as input the driving point and transfer mobilities at
each interface connection point and transfer mobilities at each point on the en-
gine where responses are of interest. Both the OH-6 and OH-58 helicopter in-
stallations connect to the engine at three mount points (engine right, left, and
lower mount pads) and the engine output shaft, Driving point and transfer mo-
. bilities are required at these interface points, In addition, the points of vibra-
tion measurement on the engine are specified on the T63 engine installation
drawing (DDA drawing number 6850000), Since these points of measurement
are of interest in a vibration survey, it is necessary that their transfer
mobilities be obtained.
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TEST SETUP

The vibration testing was conducted at the DDA vibration facilities in Indianapo-
lis, Indiana, A description of the setup for this testing follows,

The engine used in the testing was a T63-A-5 engine (S/N 402279A) furnished by
the Army. Since this was a bare engine, accessories were acquired from the
DDA Test Project Department and installed. The resulting engine test gross
weight was 138, 25 pounds. The general arrangement and overall dimensions of
a similar model are given in Figures 5 and 6, respectively,

The engine was suspended by flexible elastic cords to allow unrestrained nor-
mal mode response, This suspension system is shown in Figure 7,

The shaker equipment used to supply and control the input forces are:

@ MB force generator, Model C10, rated at £1200 pounds peak (initial exper-
iments used Endevco force generator, Model 2953, rated at £1.5 pounds
peak).

® Endevco impedance head, Model 2110

® Krohn-Hite power amplifier, Model DCA-50A

@ Spectral Dynamics sweep oscillator, Model SD104A-5

® Spectral Dynamics Amplitude servo, Model SD105B

The vibration measurements and data processing were accomplished with the
following support equipment:

® Endevco accelerometers, Model 2213 and 2226

® Unholtz-Dickie charge amplifiers, Model D11MGV0

@ Spectral Dynamics Mz /TFA control, Model SD127

® Spectral Dynamics tracking filter, Model SD121S

@ Spectral Dynamics two-channel tracking filter slave, Model SD122

® Spectral Dynamics voltmeter/frequency log converter, Model SD112-1-H

® Hewlett-Packard two pin recorder, Model HP136A -02

® Miscellaneous signal conditioning and monitoring instruments, i.e., volt-
meters, amplifiers, oscilloscopes, and electronic counters

In addition to the equipment listed, the DDA data processing facilities were used
to record and digitize the analog signals. These data processing facilities are:

® SEL 840 MP computer
@ SEL 600 digital data logger
® IBM 370/165

The test fixtures consisted of small steel adapters for coupling the force gener-

ator/impedance head assembly directly to the engine at points of airframe
mounting,
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Figure 7. Test Engine Suspension.
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The instrumentation and other major test equipment were arranged as shown in
Figure 8, The drive point mobility was measured with the impedance head,
which incorporates three force transducers and three accelerometers, all i..
the same plane, The force transducers in the impedance head were used in
conjunction with a roving accelerometer to measure transfer mobilities, Si-
multaneously, with the on-line plotting of the analog mobility signals, the mo-
bility amplitude and phase, along with the frequency, are automatically digi-
tized for digital computer purposes.

The engine setup is presented in Figure 9, showing the T63~A-5 engine, the
shaker equipment, and the instrumentation hardware.
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TEST PROCEDURE

Presented is the test procedure which was followed to obtain the free-free

drive point and transfer mobilities of the T63-A-5 engine. Testing has ad-
hered to MIL-STD-810B, Environmental Test Methods, as related to tolerances
of test conditions and accuracy of test apparatus per paragraphs 3.1.2 and
3.1.3.

Precision weights and an accelerometer standard were used .o calibrate the
impedance head and to verify calibration of the Automatic Mechanical Imped-
ance System.* The accelerometer and force gage sensitivities were determined
by the comparison method specified by American National Standard Document
No. ANS1 (S2-58), proposed for experimental measurement of dynamic mass
and mechanical impedance. The analysis system calibration was verified
and/or adjusted by exciting the static mass (precision weight) of known value,

Early experiments were conducted at excitation magnitudes ranging from +1
pound to 50 pounds. An excitation force of 15 pounds was selected because
vibratory responses on the nonrotating engine were acceptable and mobilities
were essentially equal at +5 pounds and above,

Experiments were also conducted with a very rigid connection between the

shaker and impedance head as shown in Figure 10 and with a flexible rod connec-
tion as shown in Figure 11, A comparison of these two different connections,
showed that the basic mobility profiles were the same except for the amplitudes
at resonance and antiresonance, The flexible rod resonances and antireso-
nances showed a much sharper peak and valley, respectively. Consequently,

the flexible drive rod shown in Figure 11 was used to permit maximum unre-
strained response of the engine structure,

The engine free-free mobilities were experimentally determined at a constant
sinusoidal force of +5 pounds peak throughout the frequency range of 20 to 2000
Hertz for those responses in the direction of the imposed force and 20 to 500
Hertz for those responses not in the direction of the imposed force. All mobil-
ities were plotted through these frequency ranges. Only the test mobilities
through 5u0 Hertz were digitized.

The mobilities measured were obtained by applying force excitations at the fol-
lowing locations on the engine:

® Left mount fore and aft, lateral, and vertical
® Right mount fore and aft, lateral, and vertical

+This system, Model SD10U2F. -42, was leased under this contract from Spe’c-
tral Dynumics Corporation, San Diego, California, specifically for use in
this contract, Subcomponents comprising this system are itemized in the
section on test setup,
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Figure 10, Rigid Connection Between Shaker and Impedance Head
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Figure 11. Flexible Rod Connection Between Shaker and Impedance Head.
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TABLE 5, T63 ENGINE MOBILITY TEST MATRIX LOG

Responses

Left mount Right mount Lower mount Output shaft Turbine midsplit ] Fwd compressor Igniter

X Y Z X Y Z X Y Z X Y Z Y Z Y z Y Z

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18

158 158 158 158 158 158 158 158 158 158 158 158 158 158 158 158 158 158
1]3638 3946 4247 4544 | 4844 5143 5442 | 5744 | 6045 6347 | 6649 6948 7251 7544 7843 8143 8447 8744
3945 4246 4543 4843 | 5142 5441 5743 | 6044 | 6346 6648 | 6947 7250 7543 7842 8142 8446 8743 9047
136 136 136 136 136 136 136 136 136v 136 136 136 136 136 136 136 136 136
215050 5581 5359 618 923 1225 1530 | 1834 | 2142 2446 | 2747 3061 3355 3637 3899 4192 5 312
5315 5846 5580 922 1224 1529 1832 | 2139 | 2445 2746 | 3060 3354 3636 3898 4191 4472 311 617
151 151 151 151 151% 151 151 151 151 151 151 151 151 151 151 151 151 151

3| 1492 1193 2424 2094 | 2719 1794 3017 | 3304 | 6001 3605 | 3900 4196 4801 4499 896 307 5395 5096
1793 1491 2718 2393 | 3016 2093 3303 | 3604 | 6299 3899 | 4195 4498 5095 4800 1192 601 5697 5394
159 159 159 159 159= 159 159 159 159 159 159 159 159 159 159 159 159 159

4| 4557 4854 4260 5739 | 5443 5149 3965 | 3666 | 3358 3048 | 2741 2438 2137 1834 1532 1228 922 616
4853 5148 4556 6043 | 5738 5442 4259 | 3964 | 3665 3357 | 3047 2740 2437 2136 1833 1531 1227 921
162 162 162 162 155 162+ 155 155 155 162 162 162 155 155 155 155 155 155

5] 333 637 937 1235 | 5 1537 2696 | 2994 | 3287 1838 | 2142 2445 1800 1503 305 611 2101 2398
636 936 1234 1536 | 304 1837 2993 | 3286 | 3581 2141 | 2444 2750 2097 1799 610 906 2397 2695
152 152 152 152 152 152 152 152 152 152 152 152 152 152 152 152 152 152

6| 1231 932 1532 1836 | 2429 2130 310 613 5 2730 | 5533 5828 3026 3322 3624 4039 4337 4638
1531 1230 1829 2120 | 2729 2428 612 931 309 3025 | 5827 6122 3321 3623 4038 4336 4637 4935
157 157 157 158 158 158 517 157 158¢ 158 158 158 157 157 157 158 158 158

a | 7] 6699 7002 7301 1612 | 2117 1810 6083 | 6391 | 3329 2426 | 2725 3028 7607 7906 8207 5 307 610
g 7001 7300 1606 1809 | 2425 2116 6390 | 6698 | 3637 2724 | 3027 3328 7905 8206 8503 306 609 910
2 142 142 142 142 142 142 142 142 142% 142 142 142 142 142 142 142 142 142
= | 8] 11342 | 11966 { 11663 6163 | 6767 6465 7682 | 7067 | 7370 7986 | 8291 8605 8912 9214 9515 9817 10123 | 1043
5 11662 | 12267 | 11965 6464 | 1066 6766 7985 | 7369 | 7681 8290 | 8604 8911 9213 9514 9816 10122 10431 | 1073
121 121 121 121 121 120 120 121 120 130 130 130 121 121 121 117 121 121

9] 1260 1879 1572 5 KL} 1745 319 644 5 620 | 315 5 3395 3697 953 313 2787 309¢
1571 2184 1878 313 643 2049 623 952 318 922 619 314 3696 3998 1259 609 3098 3394
157 157 157 157 157® 157 157 157 157 157 157® 157@® 157 157 157 157 157 157

10| 1203 1802 1501 2698 | 2399 2100 309 607 906 5 5481 5782 3005 3309 3660 3959 4257 456¢
1500 2099 1801 3004 | 2697 2398 606 905 1202 308 5781 6082 3308 3610 3958 4256 4568 487¢
138 138 138 138 138 138 136 136 138® | 138 138 138 136 138 136 136 138 138

111 1532 2144 1838 9117 307 612 6178 | 5848 | 1223 3692 | 3993 3386 7402 5 7095 6792 2462 276¢
18317 2461 2143 1222 | 611 916 6489 ] 6177 | 1531 3992 | 4294 3691 7635 306 7401 7094 2768 307¢
130 130 130 130 130 130 130 130 130® 130 130 130 134 130 130 130 134 134

12| 2135 3942 2435 1832 | 1527 1226 4242 | 4542 | 4844 5143 | 5442 923 5 3639 3031 2731 309 614
2434 424) 2730 2134 | 1831 1526 4541 | 4843 ] 5142 5441 | 5741 1225 308 3941 3338 3030 613 921
143 143 143 143 143 143 143 143 143 143 143 143 143 143 143 143 143 143

13] 325 5 819 922 1222 1519 1814 | 2110 | 2407 2704 | 3000 3296 3591 3890 4187 47175 5074 537
618 324 921 1221 | 1518 1813 2109 | 2406 | 2703 2999 | 3295 3590 3889 4186 4484 5073 5369 566!
143 143 143 143 143 143 143 143 1430 143 143 143 143 143 144 144 144 144

141 6287 6567 6866 7482 | 7760 8058 8358 | 8659 | 8963 9261 | 9558 92857 10154 10453 m 463 759 105!
6566 | 3 2 7759 | 8057 8357 8658 | 8962 | 9260 9557 | 9856 10153 | 10452 10753 462 758 1054 1344
142 142 1420 142 142 142 142 142 1420 142 142 142 142 142 142 142 142 142

151 4326 4935 4631 5856 | 5244 5550 918 122) | 1534 4020 | 3377 3688 310 616 5 2450 2754 306!
_Jum 5243 4934 8162 | 5549 5855 12320 | 1533 | 1841 4325 | 36887 4019 815 9117 309 2753 3068 337
164 164 145 144 144 144 144 144 144 144 144 144 144 144 144 144 144 144

IGI 5 308 5 8677 | 6377 6079 5782 | 5484 | u187 4890 | 4597 4301 4008 N2 3419 3121 2826 2531
307 609 301 8972 | 6676 6376 6078 | 5781 | 5483 5186 | 4889 4596 4300 4007 3711 3418 3120 282!
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+BLE 5,

T63 ENGINE MOBILITY TEST MATRIX LOG

Responses
.ower mount Qutput shaft Turbine midsplit | Fwd compressor Igniter Top gearbox
Y V4 X Y Z Y Z Y F4 Y Z b
8 9 10 11 12 13 14 15 16 17 18 19 20
158 158 158 158 158 158 158 158 158 158 158 158 158 le— Day of vear
5744 | 6045 6347 | 6649 6948 7251 7544 7843 8143 8447 8744 [ 9048 9349 |=— SEL record \o, ztart
6044 | 6346 6648 | 6947 7250 7543 7842 8142 8446 8743 9047 | 9348 0647 j*— SEL record No. :..0p
136 136 136 136 136 136 136 136 136 136 136 136 136
1834 | 2142 2446 | 2747 3061 3355 3637 3899 4192 5 312 4473 4774
2139 | 2445 2746 | 3060 3354 3636 3898 4191 4472 311 617 4773 5049
151 151w 151 151 151 151 151 151 151 151 151 151 151 N = fore and aft e
3304 | 6001 3605 | 3900 | 4196 | 4801 4419 896 307 5395 | 5096 5698 | 5 Y = lateral } Lugine
3604 | 6209 | 3899 | 4105 | 4498 | 5095 4800 1192 | s01 5697 | 5394 [ 6000 | 306 Z = vertical gxes
159 159 159 159 159 159 159 159 159 159 159 159 159
3666 | 3358 3048 | 2741 2438 2137 1834 1532 1228 922 616 317 5
3964 | 3665 3357 | 3047 2740 2437 2136 1833 1531 1227 921 615 316
155 155 162 162 162 155 155 155 155 155 155 155 155 The roving accelerometer
2994 | 3287 1838 | 2142 2445 1800 1503 305 611 2101 2398 {1204 907 used for transfer mohilities
3286 | 3531 2141 2444 2750 2097 1799 610 906 2397 2695 {1502 1203 was oriented up, forward,
152 152" 152 152 152 152 152 152 152 152 152 152 152 or left with respect to engine
613 5 2730 | 5533 5828 3026 3322 3624 4039 4337 4638 | 4936 5235 axes, except as noted by
931 309 3025 | 5827 6122 3321 3623 4038 4336 4637 4935 | 5234 5532 symbol * to indicate 180-deg
157 158 158 158 158 157 157 157 158 158 158 158 158 transducer phase shift,
6191 | 332) 2426 | 2725 3028 7607 7906 8207 5 307 610 911 1212
‘_ﬂ?ﬂ 3637 2724 | 3027 3328 7905 8206 8503 306 6039 910 1211 1511
14¢ 142% 142 142 142 142 142 142 142 142 142 142 142
Tub7 | 7370 7986 | 8291 8605 8912 9214 9515 817 10123 10432| 10734 11040
7369 | 7681 8290 | 8604 8911 9213 9514 9816 10122 10431 10733 11039 11341
121 120 130 130 130 121 121 121 117 121 121 121 121
644 5 620 315 5 3395 3697 953 313 27817 3099 | 2185 2485
952 318 922 619 314 3696 3998 1259 609 3098 3394 | 2484 2786
157 157 157 157® 157@® 157 157 157 157 157 157 157 157
607 906 5 5481 5782 3005 3309 3660 3959 4257 4569 | 4876 5178
905 1202 308 5781 6082 3308 3610 3958 4256 4568 4875 |5177 5480
136 138® 138 138 138 136 138 136 136 138 138 136 138
5848 | 1223 3692 | 3993 3386 7402 5 7095 6792 2462 2769 } 6490 3080
6177 | 1531 3992 | 4294 3691 7635 306 7401 7094 2768 3079 | 6791 3385
130 130 130 130 130 134 130 130 130 134 134 134 134
4542 | 4844 5143 | 5442 923 5 3639 3031 2731 309 614 922 1222
4843 | 5142 544) | 5741 1225 308 3941 3338 3030 613 921 1221 1523
143 143 143 143 143 143 143 143 143 143 143 143 143
2110 | 2407 2704 | 3000 3296 3591 3890 4187 4775 5074 6370 | 5666 5963
2406 | 2703 2999 | 3295 3590 3889 4186 4484 5073 5369 5665 | 5962 6266
143 143® 143 143 143 143 143 144 144 144 144 144 144
8659 | 8963 9261 | 9558 9857 10154 10453 171 463 759 1055 | 1347 1641
8962 | 9260 9557 | 9856 10153 | 10452 10753 462 158 1054 1346 | 1640 1934
142 1420 142 142 142 142 142 142 142 142 142 142 142
1221 | 1534 4020 | 33177 3688 310 616 5 2450 2754 3069 | 2148 1842
1533 | 184) 4325 | 3687 4019 615 917 309 2753 3068 3376 | 2449 2147
144 144 144 144 144 144 144 144 144 144 144 | 164 144
5484 | 5187 4890 | 4597 4301 4008 2 3419 a2 2826 2530 | 610 1935
5781 | 5483 5186 | 4889 4596 4300 4007 3711 3418 3120 2825 | 909 2232




® Lower mount fore and aft, lateral, and vertical

® Output shaft fore and aft, lateral, and vertical

® Turbine midsplit (turbine middle splitline at the top center) lateral and
vertical

® Forward compressor (top center) lateral and vertical

Responses were measured at these force points and at:

@ Igniter lateral and vertical
@ Top gearbox (top mount) fore and aft and vertical

These excitation and response points form the 16 X 20 matrix presented in
Table 5,

For each excitation point, 20 separate frequency sweeps were performed,
During each sweep, analog plots of mobility amplitude and phase were recorded
versus frequency and digitized. Digitizing was terminated at 500 Hertz for all
test conditions, For the responses in the direction of the excitations, the plot-
ting continued to 2000 Hertz, This procedure was repeated for the 16 excitation
points. Table 5 shows the log of test data, The first number in each block re-
fers to the day of the year 1973 in which the run was performed, The next two
numbers refer to the SEL start and stop record numbers for digitizing pur-
poses. As noted the table, the engine coordinate axes are defined as:

X = Fore and aft
Y = Lateral
Z = Vertical

These axes are defined wi h respect to the engine centerline, The roving accel-
erometer used for measuring transfer mobilities was oriented up, forward, and

left with respect to the engine axes except as noted by the symbol &, This
symbol indicates a 180-deg shift in the transducer orientation,

Preceding page blank
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TEST RESULTS

A totul of 443 plots were generated during the testing of the T63-A-5 engine.
A sampling of the plots are discussed here, but the entire data package
can be obtained on microfiche from the Eustis Directorate,U. S. Army
Air Mobility Research and Development Laboratory, Fort Eustis,
Virginia. The plots are keyed to the T63 mobility matrix of Table 5
by a condition code. This code is composed of two numbers separated
by a slash mark, an example of which would be 10/3. This defines the
plot as representing the mobility of the element in the tenth row and
third column of the mobility matrix. The data would be the transfer
mobility relating the vertical (2) response of the left mount to a fore
and aft (X) excitation at the output shaft. Excitation have been con-
sidered at all interface points and are related to response at all points
on the engine covered by the T63-A-5 installation drawing.

In addition to these analog plots, a digital tape has been prepared. This
tape contains all the data which was digitized during the testing and is
cataloged as Generation Data Set C460 and stored at the DDA Data Center,
Indianapolis, Indiana.

Figure 12 is a representative analog plot of one test point, This particular
data point is the drive point mobility relating the vertical response at the
lower mount to a sinusoidal vertical excitation at the lower mount. This
plot shows a characteristic low frequency (0 to 10 Hertz) resonant activity,
These apparent engine resonances are the fixity modes caused by the low
stiffness bungee cords, The first few resonances showing significant en-
gine flexure occur above 100 Hertz, to obtain a visual picture of these
modes, the mobilities, relating responses along the length of the engine

to vertical excitations aft the lower mount and lateral excitations at the
right mount, were normalized and plotted, The resulting mode shapes

at resonant frequencies of 127, 145, 156, and 183 Hertz are shown in
Figures 13 through 16, respectively. The resonance at 127 Hertz is a
pitch plane mode of the compressor. Little yaw plane participation is
evidenced. The resonance at 145 Hertz is a coupled pitch and yaw mode
with slight roll, The 156 Hertz mode is almost a pure yaw plane canti-
lever resonance of the overhung compressor. The resonance at 183

Hertz is another coupled mode involving significant out-of-phase yaw

plane bending of the front and rear of the engine.

This has been a presentation of a comprehensive laboratory shake test of the
T63-A-5 engine, Driving point and transfer mobilities, necessary for the
study of helicopter dynamic analysis methods, have been measured. Data
have been presented as analog plots of mobility amplitude and phase versus
excitation frequency. These data are also recorded in digital form for
digital computer processing.
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SIDE VIEW

FRONT VIEW
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BOTTOM VIEW

Figure 16. Engine Mode Shape at 183 Hertz.



ANALYSIS METHOD DEVELOPMENT

Three methods for studying vibration compatibility of coupled dynamic
systems have been considered, Two approaches, a mobility technique and
a modal synthesis technique, are thoroughly developed. Another approach,
direct stiffness technique, is used as a minimal standard for judging the
other approaches. These methods are developed, discussed, and com-
pared in the following paragraphs.

MOBILITY METHOD

The application of impedance/mobility analysis techniques has been under
development by electrical engineers since about 1900, A brief history of
this development is presented in Reference $ . More recently these tech-
niques have been adopted for vibration analysis by some mechanical en-
gineers,} The purpose of this section is to derive the mobility technique
of analysis for application to the study of dynamic compatibility between
engine and airframe for helicopter systems,

The essence of this analysis approach is to separate the complex dynamic
system (a helicopter) into its component parts. The parts considered
here are the helicopter airframe system (airframe, rotors, transmis-
sions, engine mounts, etc.) and the engine (basic engine plus accessories),
It will be shown later how the engine mounting system can be handled as a
third component system, The dynamics of the components are described
in terms of driving point and transfer mobilities and coupled at their in-
terface points through the application of compatibility and equilibrium re-
lationships. The driving point mobility is defined as the ratio of the re-
sponse velocity at a point on a dynamic system divided by an impressed
force at the same point<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>